Introduction {#S1}
============

The diagnosis of social anxiety disorder (SAD or; social phobia) was first introduced in the Third Edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-III) in 1980 ([@B111]). SAD is defined as a distinct and persistent fear of one or more social situations in which a person is exposed to unfamiliar people or possible scrutiny by others ([@B129]). People with SAD suffer anxiety from the potential risk of embarrassment or humiliation due to inadequate social performance ([@B88]). Consequently, they often avoid social situations, and when the situation is unavoidable, they experience severe anxiety and stress. SAD is associated with an increased risk of developing comorbid conditions, especially major depression, acute grief, and substance abuse disorders ([@B131]). Basically, SAD manifests early in life and portends significant social functional impairment, psychiatric comorbidity, and persistent emotional, cognitive, and behavioral disabilities ([@B52]). SAD can cause serious damage to the lives of those who suffer from it. When SAD symptoms disrupt an individual's daily life activities by reaching the level of avoidance of social situations ([@B51]), these individuals usually meet the diagnostic standards for SAD ([@B159]). For example, an individual may reject a job opportunity that requires frequent interaction with new people or may avoid going out. SAD interferes with important aspects of daily life, such as academic and professional environments, family relationships, and social activities ([@B47]). Social anxiety typically remains highly stable and persistent across the lifespan if left untreated ([@B163]). SAD affects approximately 15 million American adults (6.8% of the population) and is the second most common psychiatric condition after specific phobia (8.7%) ([@B74]). Current surveys estimate that the lifetime prevalence of social phobia in Western countries is about 7--13%. However, prevalence percentages vary vastly and are liable to errors due to some methodological factors such as diagnostic criteria, diagnostic thresholds, and evaluation methods ([@B50]). Some countries have investigated the population ratio of children and adolescents with SAD among the general population and college students. Incidence rates of SAD are estimated to be between 13 and 16% ([@B50]; [@B8]). As with adult studies, several methods have been applied to investigate the wide variation in SAD prevalence estimation. A large New Zealand statistical study had declared that 11.1% of 18-year-olds fulfilled the criteria for SAD ([@B8]). Nonetheless, a large British epidemiological statistic ([@B45]) reported that only 0.32% of children aged 5--15 years had this disorder, which is higher than the incidence rates of other mental illnesses, such as post-traumatic stress disorder (PTSD) and obsessive-compulsive disorder (OCD), but lower than that of panic disorder, specific phobia, and generalized anxiety. This study found that the diagnostic rate of SAD increases slightly with age in men more than in women. A large US Child and Adolescent Psychiatric Assessment study reported that 4.1% of the participating children between the ages of 9 and 13 years were diagnosed with SAD ([@B28]), while a German study estimated the incidence of SAD is 4% in children between the ages of 14 and 17 years ([@B68]). The most serious form of SAD can paralyze patients emotionally and physically, and many people struggle to cope with other psychological challenges such as internal sensation novelty seeking. For example, a study found that about half the population of people with SAD have comorbid mental illnesses, drug addiction or alcohol problems ([@B135]). However, most of the available data on SAD epidemiology originate from high-income countries in the West. European epidemiological data is highly correlated with US data, confirming the high prevalence, comorbidity, and morbidity of SAD ([@B116]).

Furthermore, medically ill individuals with SAD are at a higher risk of a chronic course of the illness or less complete recovery. Consequently, SAD patients receive special medical care, e.g., antidepressant medications that alleviate depression and anxiety symptoms ([@B56]; [@B124]). Cognitive-behavioral therapy (CBT) and other psychotherapies are believed to improve positive emotions and create balanced neuronal mindfulness. Generally, CBT plays a crucial role in sustaining interpersonal sensation. Shreds of evidence from clinical interventions indicate that CBT plays a fundamental role in managing SAD ([@B108]).

Based on the research objectives of this study, the key phrase is 'social anxiety disorder.' We then specify the alternatives of the keyword ('social anxiety disorder') social phobia, delta-beta correlation, frontal alpha asymmetry, functional connectivity, event-related potential, visual-event potential, and effective connectivity. After the search terms have been specified, they are assembled into a search series that is applied in the research process. In this review, the AND operator is used to connect the different search terms into a single search chain. The following online databases serve as the resources that were searched: Frontiers, IEEE Xplore, SpringerLink, BioMed Central, Wiley Interscience, ACM, and ScienceDirect. We also manually checked the reference list of the corresponding primary studies to ensure that our review is complete. The selection of articles was conducted by applying a set of inclusion and exclusion criteria. The exclusion criteria are: articles without any of the listed keywords, articles not in the English language, incomplete articles, short articles, replicated articles, and all studies irrelevant to the enquiry. The Inclusion criteria were set based on the following: articles with listed keywords, English studies, and full-text papers. Based on the inclusion and exclusion statement, we excluded 93 studies out of 253 primary studies. We gathered a final 160 studies from the primary and secondary database searches to report in this study.

The main objective of this review is to provide an extensive overview of the most frequently studied EEG, ERP, and brain connectivity measures during rest, anticipation, visual stimulus tasks, and recovery from performing social tasks. However, we found it essential to include functional magnetic resonance imaging (fMRI) and magnetic resonance imaging (MRI) studies to validate the findings of the EEG studies. Furthermore, we excluded positron emission tomography (PET) scan based studies because the PET scans use a radioactive tracer, which the patient receives via injection. However, PET is not an accurate model for determining neuronal locations ([@B89]).

Cognitive Models of Social Anxiety Disorder {#S2}
===========================================

Contemporary cognitive models of SAD ([@B21]; [@B67]), and ([@B130]) have been widely used to extend the theoretical framework for understanding the key emotional maintenance processes involved in SAD ([@B4]). Explicitly, these frameworks suggest that negative beliefs, biased rumination over social cues, and evasion of anxiety stimulators contribute to the expansion and maintenance of SAD. Prior reported models ([@B4]) are theoretically identical and primarily focus on the maintenance attributes experienced by SAD patients. Furthermore, study by [@B67] spotlights the main role of perceived high social standards that trigger anticipatory anxiety before social activities. Based on the cognitive model proposed in a previous study ([@B20]), patients with SAD are more likely to view and apprehend social information as threats because of their cognitive bias about themselves, others, and the surroundings. For instance, patients with SAD typically ascribe extremely high criteria for social life, which naturally induces a perception of failure and anxiety ([@B21]). As illustrated in [Figure 1](#F1){ref-type="fig"}, Clarke's model assumes that there are many different processes involved in maintaining SAD. Individuals with SAD encountering social situations are more likely to recall destructive assumptions of social threats, resulting in a shift to self-attention and exhaustive self-monitoring. The unsociable and self-focused behaviors further elevate the activation of neurophysiological and physical attributes of anxiety, such as trembling, sweating, and rumination over negative beliefs. Patients with SAD then use these physical signal and destructive assumptions to create negative psychological representations of themselves (because they think they will be criticized and judged negatively by others). Moreover, patients with SAD are familiar with being involved in safe behaviors ([@B20]; [@B75]) such as avoidance or internal psychological thoughts (e.g., rehearsing what to say or do next; [@B132]). This model assumes that social apprehension is linked with impracticable social standards and insufficiency in selecting attainable social goals. When experiencing and confronting challenging social events, people with SAD shift their attentiveness and attention toward their anxiety, view themselves negatively as a social object, overestimate the negative consequences of a social confrontation, imagine that they have no control over their emotional responses, and view their social skills as inadequate for effectively facing the social situation ([@B67]). The cognitive models indicate that, when confronted with a social threat, individuals with SAD focus their attention internally and engage in a process of detailed self-observation ([@B66]; [@B65]). The model illustrated in [Figure 1](#F1){ref-type="fig"} is contingent on the idea that various repeated behaviors and thought patterns are associated with the somatic and emotional indicators of social anxiety. The main cognitive models of SAD ([@B21]; [@B67]) and ([@B132]) are theoretically structured and highlight the importance of negative beliefs subsequent to social events as a modulating factor in the SAD cycle. The practice of negative rumination arises in patients with SAD when they indulge in an extreme mental assessment of their past social performance ([@B17]). Researchers have found that individuals with SAD engage in excessive and persistent negative reflections before and after social assessment events ([@B128]; [@B156]). Individuals with severe social anxiety will have a greater degree of negative rumination after social events (e.g., improvised speech) ([@B37]) or any social activity that requires interactions with others ([@B99]). A previous study ([@B156]) performed one of the first empirical elucidations of the relationship between trait anxiety and higher levels of negative anticipation, in which individuals with SAD reported that their recurrent negative thoughts about future social events were intrusive, uncontrollable, and interfered with their ability to concentrate during social events. While individuals, with high social anxiety (HSA) and low social anxiety (LSA) engage in predicting the cost and consequences of future social events, these predictions are significantly more negative among participants HSA. When undergraduate students with LSA and HSA were asked to participate in tasks causing social anxiety and pre-event rumination prior to short presentation, HSA participants reported more anxiety and a more negative self-image than LSA participants ([@B16]; [@B14]).

![A cognitive model of SAD ([@B21]).](fpsyg-11-00730-g001){#F1}

A previous study ([@B26]) investigated post-event processing by assessing the perspectives of memory in patients with SAD involved in delivering a speech and carrying out social interaction. As predicted, participants with severe SAD recalled the social situation more frequently than those with low anxiety some days later. Many researchers ([@B37]; [@B1]) and ([@B115]) have found support for their hypothesis that individuals with a higher level of social anxiety recalled more negative responses than positive responses during treatment sessions, while healthy controls (HCs) do not exhibit any bias in memory. Regarding post-processing, HSA individuals expressed dissatisfaction with the negative factors of improvised speech and negative feedback at 1-week intervals, while the HCs did not exhibit this inclination. Individuals with SAD experience more negative ideations under post-rumination conditions and create more counterfactual reasoning and beliefs. Consequently, patients with severe SAD have generated more negative "hypothetical" statements after reading about a mildly social situation ([@B99]; [@B128]). Post-event treatment has been applied to investigate the memory reactivations in individuals with SAD and HCs who rated events negatively. The results showed that people with SAD recalled significantly more negative and embarrassing memories than HCs, regardless of the type of post-treatment ([@B43]). Overall, these findings confirm that people with SAD assess their reactions to social events in a negative light and indulge in ongoing negative thinking. These features reveal encouraging indications that these cognitive impairments of biases can be alleviated.

Biomarkers of Social Anxiety Disorder {#S3}
=====================================

Various studies have critically discussed the empirical evidence on information-processing in SAD and utilize several social cognitive tasks to investigate the electrophysiological effects and the associated attention in response to these tasks ([@B31]; [@B102], [@B103],[@B104]). These studies aimed to reveal the association between electrophysiological and trans-diagnostic symptom dimensions associated with SAD. The results presented ([@B93]) show a prominent correlation between the dimensions of neurological responsiveness and the dimensions of anxiety symptoms that exceed traditional diagnostic boundaries established via performing working memory tasks. Based on these results, a recent study ([@B162]) investigated whether SAD is associated with a memory bias for threat or whether the memory bias is created by threatening or neutral distractors. For threats and neutral targets, there are no differences in memory between the study groups. However, awareness of social threats is more significantly enhanced and recognized by patients with severe SAD than those with mild SAD. Using latent class growth curve analysis, it was proven that salivary cortisol levels in different time assessments are stronger in children with high, stable salivary cortisol. The hypothalamic-pituitary-adrenal (HPA) axis is a network combination of direct impacts and feedback connections between three elements: the hypothalamus, pituitary gland, and adrenal glands. These three elements and their communication create the HPA axis, a significant mechanism of the neuroendocrine pathways that regulate stress reactions and regulate several processes in the body, including emotions ([@B96]). An alternate interpretation is that SAD is a reaction to a tension-related situation, with the core endocrine reaction seen in humans being a response to stress activating the HPA axis which leads to an increase in cortisol ([@B27]). The HPA axis is associated with cortisol production, and higher levels of cortisol is associated with anxiety, fear, and avoidance ([@B122]). Acute stressors (e.g., anxiety) can alter many biological functions, such as those of the HPA axis ([@B44]), the body's defense system ([@B148]), the regulation process of the autonomic nervous system ([@B160]), HPA axis activity ([@B70]) and the enteric nervous system ([@B168]). Psychologically, acute anxiety is a subjective negative experience that can have positive and negative effects on cognition ([@B146]). Consistent with these findings, heart rate variability (HRV) was examined in patients with SAD and HCs at a baseline with anxiety as a stressor. The small effect size of SAD supports a more modest reduction in HRV in individuals with SAD ([@B120]). HRV during a resting state and while performing social cognitive tasks was not significant in participants with SAD ([@B60]). In comparison, SAD was negatively linked to HRV during an emotional recognition task, and participants exhibited a significant decrease in HRV ([@B94]). Reduction in HRV was found in females with SAD as opposed to HCs and in patients on psychotropic medication as opposed to patients without medication ([@B3]).

We designed a novel social performance task, shown in [Figure 2](#F2){ref-type="fig"}, based on a previous experimental design in [@B134] and [@B63], in which all subjects are given a self-presentation task to be delivered in front of an audience and the presentation is videotaped, unlike a previous study ([@B102]). The EEG signals are recorded in six stages: resting-state, anticipation, speech, VEPs, and recovery from social task. During three stages of the social performance task ([Figure 2](#F2){ref-type="fig"}), participants are asked to indicate their feeling on how much they want to engage in the next stage of the experiment with a rating 0 (NO) to 10 (YES) to measure avoidance. We are the first to investigate the severity of SAD using VEPs test and the analysis of effective connectivity through the whole social task as shown in [Figure 2](#F2){ref-type="fig"}.

![Example of a social cognitive task. This task includes visual evoked potentials (VEPs) test before and after self-presentation; and this design is novel compared to the more frequently used designs. The red color indicates EEG recording sessions and the yellow color indicates self-assessment. A modified version of the original in the journal of Cognitive, Affective and Behavioral Neuroscience, 16, Harrewijn A., Van der Molen M. J., Westenberg P. M., Putative EEG measures of social anxiety: Comparing frontal alpha asymmetry and delta-beta cross-frequency correlation, 1086--1098-Copyright (2016), with permission from Elsevier.](fpsyg-11-00730-g002){#F2}

Electrophysiological Correlation of Social Anxiety Disorder {#S4}
===========================================================

Different studies have been conducted to determine the electroencephalographic and electrophysiological correlation of anticipatory anxiety induced in individuals with social phobia. There are many modalities for capturing information on the structure and functions of the brain. The three commonly and frequently used modalities are MRI, magnetoencephalography MEG and electroencephalography EEG. Among these methods, EEG is the most versatile and most cost-effective method for studying brain activity, and is an effective model for studying the neural correlates of social anxiety and for obtaining large-scale connectivity model of brain functions. Over the last decade, the analysis of electrophysiological signals has been continuously popularized by using blind source separation (BSS) techniques used for dimensional reduction. BSS is also used to separate the information in mixtures of signals into multivariate recorded data channels to prepare multivariate data sets for more general data analysis and to extract the biomarkers of SAD under different conditions for EEG data. The following subsections outline the most prominent EEG-based biomarkers of social anxiety.

Delta-Beta Cross-Frequency Correlation in Social Anxiety {#S4.SS1}
--------------------------------------------------------

EEG activity reflects the temporal aggregation of synchronous activity of millions of spatially aligned cortical neurons. The most deliberated waveforms include delta (0.5--4 Hz), theta (4--7 Hz), alpha (8--12 Hz), sigma (12--16 Hz), and beta (13--30 Hz). Delta-beta cross-frequency correlation is a widely used measure in the investigation of social anxiety ([Table 1](#T1){ref-type="table"}). This measure represents the cross-frequency correlation between the amplitude of delta-band and beta-band oscillations and is known as a delta-beta correlation. The spectral coupling between the delta and beta oscillations has been proven to be related to social anxiety ([@B31]; [@B102], [@B103],[@B104]). Broadly, EEG bands are associated with different functional and behavioral correlations. For instance, a slow-wave (SW) brain oscillation like delta is associated with the subcortical regions responsible for motivation, mood, and reward processing ([@B79]; [@B112]). In contrast, a fast brain wave reflects intercortical connections and is activated when attentional control, cognitive processing, and regulation is required ([@B40]). In general, beta waves exist when a person is vigilant, attentive, involved in problem-solving, judgment, decision making, or mental focus. It is believed that the correlation between the fast-wave (FW) and SW frequency of the frontal lobe reflects an interaction between the cortical and subcortical circuits ([@B81]; [@B33]) and ([@B79]). Thus, the synchronized increment in SW and FW activity in anxiety-related behavioral profiles is thought to reflect neural communications between two different brain regions. A series of adult studies found that the magnitude of the frontal delta-beta coupling is sensitive to steroidal hormones, including cortisol. A recent study ([@B122]) broadened an electrophysiological research to children aged 7--17 years and found that the frontal EEG delta-beta rhythm is strong in children with relatively high levels of basal cortisol and SAD. These findings suggest that longitudinal patterns of neuroendocrine stress activity and social anxiety may be linked with EEG power in slow and fast frontal cerebral oscillations during early childhood. Previous studies discovered that frontal delta-beta coupling is stronger among young adults who scored higher inherited cortisol levels ([@B40]), and that it is further strengthened after exogenous cortisol administration in adults ([@B78]). These results demonstrate that cortisol levels may be related to the increment of SW and FW activity in the frontal lobe. Although behavioral studies in the context of delta-beta correlation are limited, some studies have found stronger delta-beta coupling in relation to the severity of social panic ([@B83]) and dysregulated fear ([@B140]) among preschool children and infants with high cortisol reactivity ([@B155]). An intergenerational study found that children with socially anxious parents exhibit a more grounded resting-state frontal delta-beta coupling than those with healthy parents in response to social stressors, which might be a possible endophenotype of SAD ([@B15]; [@B62]). Greater social fears are associated with greater positive frontal coupling between delta and beta bands.

###### 

Summary of works about delta-beta correlation related to SAD.

  Delta-beta correlation                  Study     Participants                                                               Task                                     EEG main findings
  --------------------------------------- --------- -------------------------------------------------------------------------- ---------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Resting state (RS)                      [@B37]    HSA vs. LSA                                                                RS Cortisol vs. placebo administration   Greater positive delta-beta correlates. Greater Delta-beta correlates after both groups had administrated by cortisol
                                          [@B102]   High vs.low adult                                                          RS                                       Greater positive delta-beta correlation. Greater positive delta-beta correlates.
                                          [@B122]   High and low SAD school-age children                                       High and low cortisol                    
                                          [@B110]   HSA vs. LSA children                                                       RS                                       Stronger prefrontal delta-beta correlation
                                          [@B63]    HSA vs. LSA                                                                RS                                       No significant difference
                                          [@B102]   HSA vs. LSA                                                                RS                                       No significant difference
                                          [@B119]   HAS children                                                               RS                                       Stronger delta-beta correlation in trait anxiety.
                                          [@B141]   HSA vs. LSA                                                                RS                                       Significant decrease in delta-beta
                                          [@B155]   HSA vs. LSA                                                                Steroid hormone                          Increase in frontal delta-beta coupling
                                          [@B83]    High and low SAD school-age children                                       Cortisol administration                  Greater coupling at frontal electrodes
                                          [@B82]    HSA vs. LSA                                                                RS                                       HSA Increasein frontal delta-beta coupling
                                          [@B33]    HSA vs. LSA                                                                RS                                       A significant positive delta-beta correlation in HAS
                                          [@B80]    MDD/SAD vs. HC                                                             RS                                       Associated with an enhancement of cross frequency
  Mutual: resting anticipation recovery   [@B26]    SAD vs. control Pre-therapy 1 Pre-therapy 2 Mid-therapy 3 Post-therapy 4   RS Anticipation                          Lower positive delta-beta correlates in session 1 to session 2 and from session 1 to session 4 Lower positive delta-beta correlates in pretreatment to post-treatment.
                                          [@B63]    HSA vs. LSA                                                                RS Anticipation                          No significant difference Greater negative delta-beta correlation for frontal electrodes.
                                          [@B16]    HSA vs. LSA                                                                Recovery                                 Greater negative delta-beta correlation in frontal lobe.
                                          [@B40]    HSA vs. LSA                                                                RS Anticipation                          No significant difference. Greater positive delta-beta correlation (F4)
                                          [@B83]    HSA vs. LSA                                                                RS Anticipation                          No significant difference Correlation was higher in LSA than HSA participants during the early anticipation
                                          [@B155]   Preschool children                                                         Socialtask                               Stronger delta-beta coupling in relation to high levels of observed social fear
                                          [@B15]    HSA vs. LSA                                                                RS Anticipation                          No significant difference. Negative delta-beta coupling
                                          [@B61]    HSA vs. LSA                                                                Recovery                                 No significant difference. Negative delta-beta coupling
                                          [@B13]    SAD and GAD                                                                Anticipation                             
                                          [@B107]   HSA and LSA                                                                Anticipation                             HSA have lower significant amplitude-amplitude correlation than LSA
                                          [@B121]   HSA and LSA                                                                Anticipation                             Increase in central and parietal delta-beta coupling in HAS
                                          [@B80]    HSA vs. LSA (adult vs. children)                                           Recovery                                 Increase in parietal delta-beta coupling in children
                                          [@B123]   Female HSA vs. LSA                                                         Recovery                                 Higher delta-beta coupling in HSA females
                                          [@B17]    HSA vs. LSA                                                                Recovery                                 Negative delta-beta correlation in LSA

### Delta-Beta Correlation in Resting State (Baseline) {#S4.SS1.SSS1}

EEG signals were recorded in preschool children at rest, and these were used to test whether the individual differences in delta-beta cross frequency are related to sympathetic or cruel parental behaviors ([@B83]; [@B122]). Several pieces of evidence suggest a greater coupling at the frontal electrodes in school-age children whose fathers exhibit high levels of ruthless parental behaviors than in those whose fathers exhibit low levels of harshness. Delta-beta coupling is a real-time indicator of cortical neural network down-regulation of mood-based responsiveness in subcortical networks ([@B110]). Children with dysregulated fright or high avoidance in low-threat circumstances showed a higher correlation in the baseline state than those who exhibited low levels of avoidance in low-threat environments ([@B119]). Although the investigation of delta-beta coupling in preschool-aged children is still in the early stages, preliminary findings suggest that resting-state delta-beta coupling may be indicative of trait-level tendencies in cognitively oriented neural systems to down-regulate neural systems for emotional reaction ([@B119]). An attempt was made to examine the relationship between delta-beta EEG spectral coupling and endogenous testosterone levels in men in a resting regional brain activity state. Men with high testosterone levels showed non-significant delta-beta coupling (delta-beta decoupling), while men with shrinking testosterone levels showed significant delta-beta coupling. These relationships are only constructed in the frontal lobe ([@B105]). The level of delta-beta coupling can be influenced and manipulated experimentally. For instance, the use of synthetic cortisol ([@B155]) and anxiety induction ([@B82]) results in an increase in frontal delta-beta coupling. In contrast, subcutaneous administration of testosterone resulted in a significant decrease in delta-beta cross-frequency, which is in line with the anxiolytic attributes of the steroid hormone ([@B141]). Several findings regarding cross-frequency coupling at baseline have been reported, with a previous study ([@B104]) proving that the correlation in SW-FW before psychotherapy is more enhanced than after treatment for SAD. Nonetheless, pre-treatment delta-beta correlation in patients with SAD shows no significant changes compared to HCs ([@B104]), and the cross-frequency coupling between fast and slow bands is greater than that at the low naturally inhibited group ([@B155]). Conversely, two studies did not find any difference between trait and state social anxiety ([@B102]; [@B63]). It was hypothesized that the magnitude of the power between delta and beta oscillation in spontaneous EEG is related to the level of hormones such as cortisol and testosterone; therefore, studying social anxiety during resting state is a good idea to be investigated. A previous study ([@B102]) found evidence suggesting that the level of frontal spectral coupling between SW and FW can be used to distinguish socially anxious individuals and to quantify the severity of SAD during social interactions. Specifically, adults with HSA showed significantly greater delta-beta coupling of the right frontal electrodes (right hemisphere) than adults with LSA in resting state ([@B33]).

### Delta-Beta Coupling in the Anticipation State {#S4.SS1.SSS2}

A very recent study ([@B122]) found that preschool children who have unsteady and temperamental antecedents of SAD exhibited relatively high frontal delta-beta correlation, as reported in [@B81] and [@B121]. It is obvious that although the overall coupling in frontal cross-frequency in children with SAD in this study is stronger, this pattern seems to be controlled primarily by the right frontal lobe when examining the separate hemispherical coupling. The results presented in this study are identical to those observed previously, with the HSA participants showing lower significant amplitude-amplitude correlation during a social performance task than the LSA participants who displayed significant values during early anticipation and under all conditions ([@B107]). Delta-beta coupling as an electrocortical measure of SAD is believed to be more promising when socially anxious participants anticipate social stress. Compared to LSA individuals, the HSA group shows an increase in positive delta-beta correlation during the anticipation period prior to cognitive therapy. The increment in positive cross-frequency coupling between SW and FW during the anticipation period in patients with SAD is reduced after CBT and there is no dissimilarity between individuals with high or low SAD ([@B103]). Patients with SAD shows a higher positive delta-beta correlation during the anticipation period than individuals with lower SAD ([@B102]). In contrast, a greater negative cross-talk between delta waves and beta waves has been reported in patients with SAD than in those with low SAD ([@B63]). In addition, a higher right frontal brain power was found in HSA but not in normal controls when anticipating self-presentation. It is believed that negative SW-FW coupling might be explained by an increase in the connection between the internal (e.g., amygdala and insula) and external (e.g., cortex) sites in the brain in opposite directions. A known imbalance between the subcortical and cortical networks in patients with generalized social anxiety disorder (GAD) ([@B13]) and SAD ([@B106]), may result in a negative delta-beta coupling. Contemporary electrocortical indices indicate that the mid-frontal theta (4--8 Hz) oscillation in the electroencephalogram provides new insights into the processing of social repudiation by the brain ([@B81]). These findings demonstrated that mid-frontal theta (4--8 Hz) oscillation is very responsive to social repudiation but only when peer repudiation is unpredicted, which indicates that the frontal theta is controlled by a widely different neural network implicated in saliency perception and conflict detection ([@B154]). The correlation between delta and beta has been proven to be very sentient to external influential factors because it differentiates between perfect and thoughtless performance conditions ([@B104]).

### Delta-Beta Coupling in the Recovery State {#S4.SS1.SSS3}

Although post-processing is a very crucial aspect of social anxiety, few studies have investigated delta-beta coupling after predicting social stress conditions (recovery). In a study by [@B63], the individuals with higher SAD show an increased negative delta-beta correlation compared with individuals with lower SAD after presenting their good and bad characteristics. This effect reflects the immeasurability between the external part of the brain (cortex) and internal part (subcortex) during a post-event processing state. This is in line with the previous findings of cognitive-behavioral studies on individuals with SAD who participated in post-event rumination in the context of social events ([@B20]; [@B17]). According to the study by [@B123], frontal delta-beta is a stress-regulating indicator for females with test scores indicating high or low social anxiety. The results prove that delta-beta coupling distinguishes between HSA and LSA in the expectation phase of social performance tasks. LSA participants exhibit more significant differences under all conditions (resting, anticipation, and recovery), suggesting that frontal delta-beta is sensitive to trait anxiety and reflects an adaptive stress neural regulation mechanism ([@B123]). Therefore, it seems worthwhile to increase the number of studies on the recovery state in social performance paradigms and future research should verify whether the delta-beta correlation during recovery can serve as a hypothetical EEG measurement of SAD. The aforementioned studies provide insight into the possibility of a neuronal delta-beta spectral correlate as quantification of the electrophysiological activity of neurons in post-event processing, and they provide evidence that the coherence between delta-beta sub-bands in SAD manifests is more strongly than any other frequency domain biomarker. The SW-FW coupling in anticipation and post-event states appears to be a more suitable candidate for electrical activity measurement in individuals with SAD. Empirically, the SW-FW coupling is thought to represent dynamic communication between the cortical (beta) and subcortical (delta) areas associated with anxiety ([@B82]; [@B79]). The increased SW-FW coupling in individuals with SAD is similar to conclusions of some fMRI studies, which found that the cortical and subcortical regions are more identical in individuals with GAD and even more so in individuals with SAD ([@B106]). The imbalance between the cortical layer and the subcortical layer is also consistent with the post-event procession bias found in psychotherapy studies ([@B72]). Another significant finding is that the neural aggrandizement of the limbic (subcortical) and paralimbic (cortical) layers appear to be related to the functional mechanism (including more attentiveness toward the affective processing) of the social threats ([@B106]).

Frontal Alpha EEG Asymmetry in Social Anxiety {#S4.SS2}
---------------------------------------------

The theory of hemispheric asymmetry and emotion is an influential theory that indicates the differences among individuals with different characteristics. The neural basis of emotions can be investigated via asymmetric patterns of EEG frontal alpha asymmetry power ([@B29]). In particular, comparatively larger EEG left frontal power is associated with approach behaviors, while larger right EEG frontal power is associated with withdrawal behaviors ([@B98]). Nonetheless, it should be noted that there is no straightforward consistency between withdrawal/approach effects and assertive/inhibition behaviors. For instance, anger is an assertive sensation associated with approach behaviors and is also found to be associated with higher left frontal cortical activity ([@B58]). The frontal brain alpha asymmetry is usually expressed via the measurement of EEG alpha power over left frontal electrodes subtracted from the homologous electrodes of the right hemisphere ([@B30]). Consequently, alpha power is inversely correlated to brain activity, with negative asymmetry power scores reflecting a higher relative right (i.e., reduced right frontal alpha power) and positive values reflect a stronger relative left frontal activation (i.e., reduced left frontal alpha power) ([@B166]). Frontal EEG brain alpha asymmetry has been extensively investigated to examine the approached behaviors and emotional processing system in the brain ([@B57]). In addition, frontal alpha asymmetry (FAA) has been proven to be involved in behavioral avoidance and inhibition ([@B2]). In contrast, many studies have confirmed that the relationship between FFA and behavior inhibition (social anxiety) is complex and uncorrelated ([@B23]). Thus, in [Table 2](#T2){ref-type="table"} we have listed relevant EEG studies on frontal EEG alpha asymmetry.

###### 

Summary of works about FAA related to SAD.

  Frontal alpha asymmetry                 Study                                                               Participants                                                                                                                                                Task                                                                                                                                                               EEG main findings
  --------------------------------------- ------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------ -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Resting state (RS)                      [@B26] [@B31] [@B102] [@B58] [@B24] [@B109] [@B9] [@B138] [@B136]   SAD people Pre to post CBT HSA vs. healthy Shy and SAD HSA vs. LSA HSA vs. LSA HSA vs. LSA HSA vs. LSA HSA vs. LSA MDD and HC                               RS RS RS RS RS RS RS RS RS                                                                                                                                         Greater left frontal activity after CBT No significant differences between patients with SAD and control Increased right frontal power Decreased left frontal power Increase in left FAA after many psychological therapy. Greater right frontal lobe activity in adults with high scores of shyness. Greater relative right frontal EEG activity Greater relative right frontal EEG activity higher left frontal FAA in MDD more than HC
  Anticipation                            [@B92] [@B22] [@B31] [@B63] [@B138] [@B25] [@B158]                  Shy and SAD subjects HSA vs. LSA HSA vs. LSA HSA vs. LSA HSA vs. LSA HSA vs. LSA SA vs. MDD                                                                 Anticipation Anticipation Anticipation Anticipation Anticipation Social task Treatment task                                                                        No significant difference Greater left frontal power activation in HAS Greater FAA scores in HAS No significant difference No significant difference FAA is more pronounced in LSA No significant difference
  Mutual: resting anticipation recovery   [@B50] [@B103] [@B63] [@B104] [@B31] [@B22] [@B138] [@B9] [@B158]   Patients with SAD vs. control HSA vs. LSA HSA vs. LSA High vs. low socially withdrawn subjects HSA vs. LSA HSA vs. LSA HSA vs. LSA HSA vs. LSA SA vs. MDD   RS Anticipation Recovery RS Anticipation RS Anticipation Recovery RS Anticipation time Anticipation (Anticipation, Recovery) Recovery Anticipation Neurofeedback   No difference Greater in right frontal activity from baseline to anticipatory No significant difference No difference No significant difference. No significant difference No significant difference No significant difference No difference. Greater right prefrontal power in anticipatory No significant difference Decreased left frontal brain power compared to other states No significant difference Greater right frontal activity No significant difference

### Frontal Alpha Asymmetry in the Resting State {#S4.SS2.SSS1}

FAA has been studied in the resting state, with participants asked to sit and blink or close their eyes for a certain period. Literature on the asymmetry of FAA in the resting baseline state in SAD appear to vary and are inconsistent ([@B136]). For instance, in one study individuals with SAD show an increase in left FAA after many psychological therapy sessions ([@B24]). However, the study did not compare its results against control subjects. FAA in the resting state has also been studied in the context of symptoms associated with social anxiety, such as shyness, with higher right frontal lobe activity observed in adults with high scores on shyness than in those with low scores ([@B109]). Conversely, other studies found no significant difference between individuals with SAD and normal HCs as well as between patients with severe and medium SAD in resting-state FAA ([@B31]). It was also found that the drawn association between shyness and right frontal EEG alpha asymmetry in resting-state occurs only after controlling synchronous and concurrent depressive moods. After controlling the concomitant depression, individuals with high self-reported shyness and high socially withdrawn individuals have exhibit greater relative right frontal EEG activity at rest than slightly socially withdrawn individuals ([@B9]; [@B138]; [@B63]). In a very recent study, it was found that the FAA moderates the relationship between behavioral inhibition and the social effect of event-related negativity. FAA is not associated with behavioral inhibition or anxiety and it does not alleviate the relationship between early behavioral inhibition and subsequent anxiety symptoms ([@B25]). Participants with HSA and LSA differ significantly in FFA in resting-state. Participants with HAS also shows differences in the FFA in all anxious states, which means that FAA can be used as an indicator of SAD. A previous study ([@B58]) showed greater left EEG frontal brain activation, which is thought to be correlated with approach behavioral but not with inhibition behaviors scores. Reduced left frontal activity is thought to reflect emotion regulation difficulties as reported in ([@B166]).

### Frontal Alpha Asymmetry in the Anticipation State {#S4.SS2.SSS2}

Cognitive models highlight the significance of emotional processing when individuals with SAD are anticipating being exposed to horrific social situations. Particularly, the anticipation time in SAD is investigated by giving an improvised self-presentation task in which the participant is requested to prepare a presentation about a general topic or private attributes. Individuals with SAD usually expect to engage in social interactions, which results in the production of more negative outcomes and more automatic negative emotional cycles in their social effectiveness. People with social anxiety are concerned that they will behave in an inappropriate manner, as this may lead to a negative evaluation by those around them ([@B66]; [@B20]; [@B65]). Scientifically it has always been posited that the greater left frontal power asymmetry is a constant biomarker of depression and anxiety and distinguishes between individuals with SAD and HC during any influential triggers ([@B22]). In a recent study ([@B22]), FFA was assessed by studying the neuronal differences between high and low SAD when participants engaged in established episode recalling tasks. The findings indicate that low individuals with SAD (trait anxiety) exhibit significantly higher right frontal EEG brain hemispheric activation than individuals with high or average SAD. Most studies seem to agree that FAA is associated with SAD during the time prior to involvement in social interaction ([@B31]; [@B9]). For instance, in a previous study ([@B31]), the prefrontal FAA individuals with SAD was evaluated while they anticipated speaking on an unknown topic. SAD patients exhibited a higher right frontal activity during task preparation than in resting state. Similarly, participants with HSA exhibited elevated right frontal and lateral cortex power during the anticipation of a self-presentation while watching videotapes of the peers speaking in an anxious manner ([@B9]). Previous investigations have shown no significant difference in the effect of SAD between people with severe anxiety and mild anxiety while they are expecting to give a speech ([@B138]; [@B63]). Although ([@B138]; [@B122]) reported no significant differences between HSA and LSA, shyness was associated with an increase in right prefrontal activity ([@B158]), exclusively after managing the factors of mental stress. The dissimilarity in these neurophysiological EEG results can be explained by various interpretations. First, the effects of SAD can only be quantified at extreme grades of social anxiety elicited by stressors (verbal aggression). The impact of an extreme social stressor is more higher for severe SAD than mild SAD ([@B31]). Nonetheless, 14 participants with SAD constitute a statistically small population to generalizing the results ([@B31]); therefore, these results need to be interpreted with caution. Furthermore, only individuals with inhibited HSA show an increase in right prefrontal EEG alpha power. The group effect in the normal samples is found to be more pronounced when HSA participants are exposed to a socially frustrating tasks (watching the video of a peer) which may be expected in an upcoming event ([@B25]). The social tasks without stress-provoking circumstances may not cause an activated rise in FAA, as reported in a previous study ([@B63]). Secondly, if the HC group does not show anxiety while performing a task, the effects of SAD may be significantly measurable. For instance, HC participants in a previous study ([@B31]) did not exhibit an increase in subjective anxiety traits during anticipation, while in another study ([@B63]). LSA participants recorded an increase in trait phobia scores. An increase in trait phobia scores among HCs may impede the identification of significant differences in FAA. Thirdly, some researchers ([@B9]) focus on the distinction between two states (anticipation and resting states), while most studies focus only the anticipation state ([@B9]; [@B138]). However, no significant effect of social anxiety has been reported between anticipation and resting-state data ([@B63]). Fourth, the effect of SAD on FAA during the anticipatory time might be associated with the difference in anticipation time. In particular, some researchers used 3 min of anticipatory time and 2 min for planning sessions ([@B31]), which may increase the social anxiety again at this stage. No studies have found frontal asymmetry effect ([@B63]; [@B158]), even after using a comparatively long anticipation period (6 min). This is in contrast with the previously reported findings on asymmetrical effects ([@B138]). Generally, the ineffectiveness of tasks using prolonged anticipatory phase may be due to familiarization effects. Essentially, if the anticipatory time is long, individuals with SAD may get used to it and eventually show less positive activity. In future investigations, the potential familiarization impact on the tasks should be considered while comparing the FAA over different points during the anticipatory period or other states.

### Frontal Alpha Asymmetry in the Recovery State {#S4.SS2.SSS3}

For individuals with SAD, recovering from social stress situations, such as delivering a public speech, may lead to increased anxiety induction in post-processing. As stated by several investigators ([@B20]; [@B17]), emotional post-event processing of SAD is marked by the reflection of continuous thoughtfulness (for example, unfavorable concerns about previous social interactions). Enhancing the painful memory retrieval and attention to negative presumptions are believed to retain symptoms of SAD ([@B108]). Persistent rumination after a mental task (social stressor) can be investigated through FAA. So far, two studies have performed FAA measurement in the recovery state from self-presentation between HSA and LSA participants. Neuronal investigation ([@B31]) has been unsuccessful for revealing the relationship between SAD and HCs individuals and FAA. The relationship between FAA and SAD was investigated in individuals with HSA and LSA ([@B63]). Despite significant research deficiency, previous studies have suggested that FAA is not a candidate biomarker for emotional processing in participants with SAD in the recovery state because FAA cannot explain the emotional regulation in SAD. FAA during rest and post-event processing was not associated with SAD. However, the FAA during the anticipatory time seems to be a potential neuro-electrophysiological candidate biomarker of SAD, but only when anxiety is severe. Nevertheless, recent studies have found a decreased in depressive and anxiety traits after applying neurofeedback, but stable FAA over all the time ([@B158]). This may indicate that FAA is not a possible trait mark of SAD but may be related to SAD in the presence of some definite extreme stressors. A previous study ([@B150]) in FAA-related literature, reported inconsistent findings, which indicate FFA may be a potential biomarker for other mental disorders such as major depressive disorder (MDD) and GAD. More studies need to focus on the coexistence of SAD and other mental disorders.

ERPs Related to Information Processing in Social Anxiety {#S4.SS3}
--------------------------------------------------------

Event-related potential (ERPs) are scalp-recorded voltage fluctuations that measure brain response to a time-locked event ([@B64]). ERP reflects thousands of simultaneously ongoing brain processes that assess perceptual processing, attentional selection, cognition, and sensory-motor coupling. Generally, ERP studies are implemented in SAD research to describe electrocortical measurements associated with the stimulation processes involved in cognitive behavior and visual processing ([@B76]). ERP represents a change in electrocortical activities that have a time-locked for a specific stimulus and provide fine-grained description about the temporal structure of neural activation patterns ([@B84]). ERP has the capability to allocate an objective insight to the immediate and later stages of neuronal stimulus processing ([@B64]). [Figure 3](#F3){ref-type="fig"}, shows a typical ERP signal with the most common components in a study that employed self-relevant positive or negative social feedback ([@B19]). The ERPs triggered at 100 milliseconds after the stimulus are probably regulated by the physical factors of the stimulant rather than perceptual factors ([@B64]; [@B137]). However, highly prominent stimulants or alterations in the presentation sequence of the stimulus might affect these early ERP components ([@B100]; [@B32]), reflecting an influence on perception and attention ([@B38]). SAD has shown a magnificent sensitivity to the amplitude of P1, as reported in certain studies ([@B54]; [@B42]; [@B152]).

![Grand averaged event-related potentials (ERPs) and topographic maps of the two feedback types for SAD and HC groups over midline electrodes (FCz, Cz, CPz, and Pz). \[Four conditions: reject-SAD (blue), accept-SAD (red), reject-HC (green), and accept-HC (black)\]. Reprinted from Frontiers in Psychology 6(204), Cao, Jianqin, Ruolei Gu, Xuejing Bi, Xiangru Zhu, and Haiyan Wu., Unexpected acceptance? Patients with social anxiety disorder manifest their social expectancy in ERPs during social feedback processing, 16; 6:1745, Copyright (2015), with permission from Frontier.](fpsyg-11-00730-g003){#F3}

N1 (called N1) is the first negative-going component that is basically believed to capture premature perceptual coding and facial identification. N1 usually peaks at 130--200 milliseconds after the inception of the external stimulation triggers, primarily at the occipitotemporal lobe ([@B137]). Considerable research has been devoted to study the N1 component. These studies have emphasized that the N1 amplitude is correlated to visual stimulation and emotional expressions, while others have not shown this sensitivity to emotions ([@B87]). Negative deflection ERP findings reveal that the first phases of visual processing may be affected by emotional mood expressions when the subject identifies different facial expressions. N1 does not appear to be regulated by SAD in reaction to a particular task. Participants with SAD and HCs do not show any significant difference in N1 amplitude as a neural reaction to emotional tasks ([@B87]; [@B85]). In response to a visual task on emotional faces, N1 amplitudes showed no difference between HSA and LSA groups ([@B117]; [@B54]). When classifying furious portraits in an emotional visual task, only one study showed that the N1 amplitude at the right parietal lobe increased in the SAD group and not in the HC group, which exhibited a smaller amplitude at the same locations ([@B117]). It was concluded that the differences between HSA and HCs individuals were primarily observed in the early P1 and N1 components ([@B147]). In contrast with earlier studies, it was stated that SAD is correlated with higher P1 amplitude while the N1 is maintained at the same value ([@B54]). Recent studies on N1 amplitude show no difference between SAD and HCs individual in response to the facial expressions of happiness and fearfulness ([@B152]).

P2 also called P200, is the second negative deflection that peaks at 150--250 milliseconds after the onset of anterior scalp stimulation ([@B138]), and is thought to reflect the post-synaptic activity of a neural process in the brain. The amplitude of P2 may be modulated by different aspects of visual stimuli, like perceptual processing and attention. In general the P2 amplitude is higher in response to a congruent target than in response to incongruent targets or uniform stimuli and the P2 component generally increases with unusual target stimuli ([@B85]; [@B93]). Usually, the P2 amplitude is higher as a reaction to happy and fearful stimuli than in response to neutral stimuli ([@B93]). The P2 amplitude increases in response to emotional faces, which can facilitate understanding of how prior information shapes future response, and it's emotional importance in the cortex ([@B113]; [@B93]). When individuals with SAD were requested to concentrate their cognitive attentiveness on facial portraits, the P2 component appears to be sensitive to visual cognitive processing but not social anxiety. There is no significant difference in the P2 voltage value deflection between SAD and HC groups ([@B87]). In addition, HSA and LSA individuals showed no difference in the P2 amplitude in a Stroop task ([@B117]). People with HSA have not shown any attentional bias ([@B87]). There was no difference in the P2 amplitude between the SAD and HC groups while processing a facial task ([@B54]). Furthermore, the second positive deflection component (P2) did not differ between the SAD and HC groups after a cognitive task ([@B85]), and HSA and LSA ([@B117]). In this study, we further highlight the differences in these components and the underlying processing tasks as shown in [Table 3](#T3){ref-type="table"} and investigate the effect of these attentional and cognitive tasks in individuals with SAD.

###### 

Summary of works about ERPs related to SAD.

  ERP related to SAD   Study                                                               Participants                                                                                                                                  Applied Task                                                                                                                                                         EEG main findings
  -------------------- ------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  P1                   [@B91] [@B114] [@B85] [@B86] [@B152] [@B54] [@B32] [@B100] [@B42]   Control subjects Control subjects HSA vs. LSA HSA vs. LSA HSA vs. LSA HSA vs. LSA HSA vs. LSA HSA vs. LSA Maltreatment vs. non-maltreatment   Attention task Attention task Emotional faces Emotional expressions Facial stimuli Oddball paradigm (Masked faces) Flanker task Social threat task Facial stimulus   P1 amplitude is greater on the lateral occipital area. Activation of the lateral occipital cortex SAD individuals show an increment in P~1~ value Increased P1 amplitude in SAD Increased P1 amplitude in SAD P1 was higher in the masked conditions P1 amplitude was higher in the harm conditions P1 amplitude was higher than LSA P1 amplitude is greater in the non-treatment group
  N1                   [@B85] [@B87] [@B117] [@B152] [@B54] [@B42]                         HSA vs. LSA HSA vs. LSA HSA vs. LSA HSA vs. LSA HSA vs. LSA Maltreatment vs. non-maltreatment                                                 Identifying Stroop task Modified Stroop task Visual task of emotional faces Facial stimuli Oddball paradigm Facial stimulus                                          SAD people and HC did not show any significant differences in N170 amplitude N170 amplitudes have no difference in HSA and LSA. N1 has no differences No changes in N170 amplitude. More enhanced N170 amplitudes N1 amplitude is greater in the treatment group
  P2                   [@B117] [@B91] [@B113] [@B85] [@B54] [@B92]                         High vs. low HC individuals HC participants HSA vs. LSA SAD vs. control HSA vs. LSA                                                           Emotional faces Stroop task Emotional faces Emotional faces Modified Stroop task Face learning task Emotional faces                                                  LSAs have no difference in P2 from LSA P2 increases with unusual target stimuli P2 voltage value increased as reaction to schematic expression HSAs have no difference in P2 from LSA HSAs have no difference in P2 from LSA SAD showed increased late P2 amplitude to negative stimuli
  VEPs                 [@B34] [@B97] [@B46] [@B5] [@B32] [@B92]                            HC participants HC participants MDD HSA vs. LSA HSA vs. LSA HSA vs. LSA                                                                       Checkerboard reversal stimulus Checkerboard stimulus Checkerboard stimulus Facial stimulus Flanker task Emotional faces                                              The amplitude of P1 and N1 increased after onset Enhancement of the N1 of the VEPs A positive correlates between the latency of N80 and P100 Latency is negatively related to SAD severity SA is sensitive loud noise more aversive than the soft noise SAD showed increased late VEPs amplitude to negative stimuli

VEPs constitute an ideal tool for recording the strength of visual processing of the occipital electrodes and to quantify cortical potential correlates of attention distribution during EEG recording from the scalp overlying visual cortex simultaneously. In a previous study ([@B113]), VEP was used as an attainable paradigm for studying cortical potential activations in the brain. VEPs are simultaneously stimulating the mean EEG signals that primarily reflect neuronal excitatory and inhibitory synapses and action potentials from various sensory information sites. The integration of VEP data and fMRI modality leads to an electrocortical activity source by tracking the activation of the visual cortex in the first VEP components ([@B34]). The results reported show that long-term visual stimulation generates a plastic alteration in the cortical response, and the amplitude of P1 and N1 increase significantly after the onset of stimuli induction. In some experimental studies ([@B34]; [@B97]; [@B113]), a 9 Hz checkerboard reversal stimulus used for 2 min resulted in an enhancement of the N1 amplitude of the VEP.

Reportedly, the latency of N1 and P1 in atypical patients is significantly shortened, while in patients with depression is longer ([@B46]). A positive relationship between the latency of N1 and P1 was proven, and the depression index was negatively correlated with the occurrence of feared social interaction. A greater negative relationship was reported between pattern-reversed latency and feared social interaction scores. Generally, individuals with SAD have a capability for detecting the faster offset visual stimulus compared to LSA as reported recently ([@B5]), which means detection latency is negatively related to SAD severity.

Finally, it may be concluded that several types of studies on SAD have proven that SAD is more strongly associated with an increment in P1 and late positive latency amplitude and constancy of N1 amplitude ([@B92]). It must be emphasized that most of the previous experiments comprised a small-sized population (10--22 for SAD), which is insufficient for generalizing the final neuronal outcomes. The association between SAD and ERP findings have been explored more deeply in a previous review ([@B59]). In addition to ERP studies, recently, SAD has been studied via changes in connectivity diagrams between various sites in the brain. In the subsequent section, we outline the various types of connectivity and summarize up-to-date findings on SAD based on these.

Brain Connectivity {#S4.SS4}
------------------

Recently, there has been growing interest among researchers in studying both normal and pathological brain functions not only through variations in activation between brain areas, but also via interactions among the neural assemblies dispersed over different brain regions ([@B10]). This network of interactions between various regions of the brain is called brain connectivity ([@B18]). Brain connectivity can be explained in terms of structural, functional, and effective connectivity. Fiber pathways physically extend from one brain region to another, representing structural connectivity ([@B145]). These fiber tracts can be best observed using MRI and diffusion tensor imaging (DTI) technique ([@B133]). Apart from being structurally connected, brain regions may become functionally connected, i.e., the neuronal activities among different brain regions become statistically dependent while performing a function. This type of statistical dependence is commonly referred to as functional connectivity (FC) ([@B53]). To avoid the fundamental drawbacks of FC, in terms of its bidirectional nature and susceptibility to connection with a third party, a relatively new concept called effective connectivity (EC), was proposed ([@B153]). EC reflects the causal interaction between the driver (initiating external force) and the response (the driven system); it has a more direct influence on one neural system of a brain region than over others and defines dynamic directional interaction among them ([@B153]). This influence can be directly estimated through signals and called data-driven EC or is named based on a model that specifies causal links among different brain regions, termed model-driven EC ([@B7]).

In the two subsequent subsections, recent studies and findings on SAD using FC and EC of the brain are outlined as shown in [Table 4](#T4){ref-type="table"}.

###### 

Summary of works about brain connectivity related to SAD.

  Connectivity              Study                                                                               Participants                                                                                                                 Main findings
  ------------------------- ----------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Functional connectivity   [@B161] [@B164] [@B11] [@B69] [@B125] [@B127] [@B55] [@B41] [@B118] [@B73] [@B77]   gSAD and HC gSAD and HC HAS vs. HC HAS vs. HC HAS vs. HC HAS vs. HC HAS vs. HC HAS vs. HC HAS vs. HC HAS vs. HC HAS vs. HC   The WPLI findings show an increase in the mid-frontal coherence in the theta rhythm, showing that the gSAD has higher connectivity at resting compared to the HC group. GSAD patients display high decreased connection in the amygdala compared with baseline after application of CBT. Unanimity links used to differentiate SAD subjects are broadly located within or through the DMN Lower beta FC is shown in the right and the right amygdala and anterior cortex HSA displayed decreased FC between the amygdala and cortex compared to HC while watching fearful faces. Relative to HC, SAD individuals show less connection in gyrus and the left cortical sites within the DMN Greater functional amygdala activation Greater functional amygdala activation in response to social stimuli Greater functional amygdala activation response to harsh faces Bilateral insular volume was reduced in patients with SAD Insula-prefrontal connectivity has shown a higher hyperactivity to threat stimulus in SAD individuals compared to HC
  Effective connectivity    [@B90] [@B144] [@B48] [@B39] [@B143] [@B6]                                          HAS vs. HC HAS vs. HC HAS vs. HC HAS vs. HC HAS vs. HC Alcoholics vs. normal subjects                                        In SAD, it was found that the effect of gyrus to amygdala is decreased, while the causal effect in the amygdala and the occipital cortex was greater than HC. SAD people, obvious correlate from the frontal cortex to the amygdala was observed, suggesting the presence of excitatory connectivity. An abnormal amygdala in SAD patients. Also an abnormal amygdala in SAD patients The perceived valence was positively correlated with the frontal inter-hemispheric flow but negatively correlated with the parietal bilateral connectivity Findings reveal a distinguished impacts in addictive alcohol compared to HC

### Functional Connectivity {#S4.SS4.SSS1}

Functional connectivity in neuroscience represents simultaneous activities performed within different anatomical units of the brain. Two regions are considered functionally connected if their activities within a nervous system are highly correlated over time. FC is basically a statistical connotation, and it captures variations in statistical dependence for distributed remote neuronal units. Statistical dependence is excessively applied to delineate regions of the brain that alter their level of activation in reaction to any neural stimuli or cognitive task and can be determined by quantifying correlation matrices, coherence or phase-locking. Among the modalities used for FC estimation, EEG is preferable because it has a higher temporal resolution than other neuroimaging techniques, such as fMRI. FC estimation is mostly dependent on the use of the resting-state fMRI data of different brain sites. The level of FC is usually quantified between all neural activity units in the brain, irrespective of whether they are linked by linear connections. Unlike structural connectivity, FC is highly influenced by time: cortical oscillation patterns statistically fluctuate in several specific period ranges at the same time (10--100 ms). It is worth noting that FC does not explicitly designate a particular directional effect or basic physical pattern. Contemporary studies have found that interregional connections between different units of circuits in each of the visual, motor, language, and working memory systems can be revealed in the resting-state default network mode (DMN). Because of the crucial emotional processing functions of the limbic system in the brain, many researches consider the amygdala and insula as prime regions of interest for analysis of the FC of individuals with social anxiety. In a recent study on SAD, using the FC of the resting-state network, the EEG data of 32 patients with generalized social anxiety disorder (gSAD) and 32 statistically HCs were recorded ([@B161]). Application of weighted phase lag index (WPLI) to EEG electrodes showed an increase in the enhanced fluctuation in oscillatory theta- rhythm coherence in the mid-frontal regions, proving that the gSAD has a higher connectivity in the resting-state in SAD patients than in HCs. Fifteen individuals with gSAD showed a considerably lower FC of the left limbic unit (amygdala) relative to baseline after application of CBT ([@B167]). The multivariate pattern algorithms in fMRI classification analysis were applied to 20 SAD and 20 HCs individuals, and showed that the unanimity of the links used to differentiate socially anxious subjects are broadly located within or across the DMN, sensory-motor neurons, visual networking, and salience networks ([@B11]). As expected, SAD patients recorded an excessive activation of the amygdala in emotional paradigms and reduced functional coupling of the left amygdala ([@B55]). Similarly, patients with SAD have consistently exhibited greater amygdala activation in response to potential social stimuli, negative emotions ([@B41]), and harsh facial perception ([@B12]; [@B118]). A decrease in beta connectivity was also observed between the left and right anterior cingulate cortex ([@B69]). However, because of the small sample size of the previous study, we believe it is impossible to reach a definitive conclusion about the finalized FC findings on the SAD and HC groups. In addition, this study did not determine the alterations in the state of anxiety, which makes this interpretation specific to trait anxiety. Furthermore, the insular cortex (insula) has also been experimentally demonstrated to be hyperactive in individuals with SAD, and the activation strength is believed to be related to the level of anxiety. Insular cortex activity has been shown to be decreased after applying appropriate antianxiety treatment. For instance, two MRI studies have been conducted to examine and compare the insula activation in individuals with SAD against HC individuals, and the findings established a statistically significant difference between the insular volume for the SAD and HC groups. Bilateral insular volume was reduced in SAD patients, suggesting that abnormal neuroanatomical networks exist in individuals with SAD ([@B149]; [@B73]). Another FC study has demonstrated that the insula is a communication link between internal and external information for creating an awareness of an internal body sensation. Aberrant insula-prefrontal connectivity has shown higher hyperactivity to threat stimulus in individuals with SAD compared to HCs ([@B77]). Recently, functional MRI studies have reported that the individuals with SAD group exhibit greater activation in the bilateral posterior insula during a social performing task compared to HCs, which may reflect premature markers in self-perceptual SAD ([@B158]; [@B165]). Functional neuroimaging experiments on SAD focus on regional neural activity in response to anxiety, provocation, or emotional facial cues.

Though, fMRI and EEG techniques have emerged as powerful tools for mapping large-scale networks in the human brain, they have some important limitations. These limitations include the determination of the networking nodes, connection analysis for every individual node, voxel-level global brain estimation, node groups, and FC variations. FC does not specifically elucidate the directional influence of the neuronal signal in the brain. Critically to examine the variability between groups, FMRI is sensitive to head motion and variations in mental states during scans.

### Effective Connectivity {#S4.SS4.SSS2}

Effective connectivity is recognized as a combination of physical connections and FC because EC can effectively identify the network of causal influences of one neural unit over others within the brain. Basically, dynamic influences are deduced by the methodical disturbance of the model because reasons must exceed results in timing via mathematical time-domain analysis. Several methods used to extract EC parameters require a specific system that implicates physical patterns. Various effective features of EEG (high temporal resolution, inexpensive device, and portability) make it an appropriate modality for studying the neural connections of cognitive function. Previously, EEG power spectra have been studied to clarify changes in different frequency bands in emotional processing. Functional brain connections might be quantified by a variety of techniques, e.g., calculating mutual information, cross-correlation, interrelations between EEG signals, or coherence in the time and frequency domain. Calculating EC is more challenging than determining functional brain connectivity. As mentioned earlier, FC quantifies statistically dependent patterns, while EC determines a network of the directed influence of one neuronal unit over others. Several mathematical models for evaluating EC are continuously being investigated and developed. A model called covariance structural equation modeling allocates EC intensity to structural paths, which is perfectly similar to the covariance found in any specific experiment ([@B49]). The generalization of this process is known as dynamic causal modeling (DCM) ([@B151]), which functions in a Bayesian structured sample to assess and conclude the causal effects in neural elements. Different methods are used to identify extensive brain interactions between various neural sites and their causal links, including the effective data-driven approach that uses a perturbation method to capture the extent to which two brain regions interact with each other ([@B90]). It is also possible to estimate effective connections using time series analysis. Some of these methods are based on the interpretation concept of the Granger causality (GC) ([@B35]; [@B142]). Furthermore, transfer entropy causality measure has been used extensively ([@B139]), and aims to reveal the reciprocation of directional input data flowing in neural units by considering the effectiveness of the condition of one neural unit based on the state transference probability of another neural unit. EC causality has a high sensitivity to data reduction, sampling rate, windowing patterns, and state-space selection. An fMRI-based resting state study ([@B90]) was the first study to reveal and quantify an abnormal brain network via the assessment of EC in individuals with SAD. The effect of the ventral cerebral cortex on the amygdala was found to be reduced in the SAD group significantly more than in the HC group, while the causal effect between the limbic system (amygdalan components) and the visual cortex was increased using GC analysis. In a previous study ([@B144]), SAD patients showed a positive correlation between the frontal cortex and the amygdala, which indicates the presence of excitatory connectivity. An abnormal amygdala is often found in patients with SAD ([@B40]; [@B48]) based on EC. A resting-state FMRI data-based study ([@B6]) proposed a network attribute model based on GC for investigating the EC of patients with GAD and HCs. Consequently, it was reported that individuals with GAD have a reduced EC from the cortical regions to the amygdala ([@B126]). In a previous study ([@B101]), 15 patients with SAD and 15 HCs were recruited during a cognitive task with emotional scenes to estimate the causal EC of affective stimuli in the amygdala and prefrontal cortical neurons. The amygdala activation was found to be higher after a low cognitive load in individuals with SAD than in HCs. EC might be influenced by the cognitive load during cognitive task processing and result in a different EC in SAD participants from that HCs. Recently, in [@B36], 35 GAD patients and 36 HCs underwent resting-state fMRI with GC analysis to compare and investigate whole brain connectivity and the amygdala via EC. The results demonstrate disrupted GC influences from the left to the right of the amygdala in individuals with GAD relative to HCs. This study ([@B95]) shows significantly higher connectivity alteration across the entire in SAD patients than in HCs. Patients with SAD exhibited a comparatively lower neural connection between both sides of the amygdala and the right gyrus than HCs. In addition, the EC between the anterior insula and prefrontal cortex has been investigated to explore the activation differences in 20 SAD participants and 20 matched HCs. It was recently revealed that anxious individuals exhibited significantly decreased EC between the insula and prefrontal cortex ([@B71]).

To date, among the different brain imaging techniques, the fMRI modality is more dominant and more extensively used to investigate EC in SAD than any other neuroimaging technique. EEG has several merits when exploring neural activity. First, EEG has an excellent temporal resolution (millisecond or lesser), which allows the system to detect and capture any sudden changes in electrical activity. Second, a set of EEG electrodes are attached to the scalp of the subject, making the EEG technique non-invasive because no interventional medical surgery is required. Third, EEG equipment is relatively inexpensive, easy to operate, and clinically available. Fourth, the EEG technique can quantify the EC between different regions of the brain without physiological information and clarify how activities in distinct brain areas affect each other.

Conclusion and Recommendations {#S5}
==============================

In summary, SAD is a prevalent severe intellectual abnormality. Unfortunately, the diagnosis of SAD is still date obstinately built on personal evaluation and traditional procedures. The effects of SAD on cognitive behavior and oscillatory dynamics in social interaction models are investigated in SAD patients and HCs. Power spectral density analysis of EEG signals and brain connectivity estimators are encouraging techniques for illustrating the neuronal correlations of SAD and may provide an expedient substitute to conventional brain biomarkers. Despite extensive studies on SAD, further research is needed to validate the current results and further evaluate the predictive social anxiety biomarkers. These neural biomarkers observed during traumatic situations are highly effective for the exploration of the genetic basis of social anxiety, improvement of psychological therapy, and early identification of individuals possibly at risk of SAD. However, the improved techniques for these purposes are ineffective because the lower prognostic precisions or final outcomes cannot be generalized because for a small sample size. Another challenge is the advocation of previous empirical facts and contextual mechanisms to be addressed if rectifying these cognitive behaviors can restrain the expansion of SAD in individuals with genetic susceptibility. The following recommendations highlight the significance of this study and its usefulness to future search in avoiding potential challenges.

1.  The selection of a sample size is a vital determinant of experimental quality because it ascertains the significance of the datasets and minimizes typical errors. It is difficult to generalizing the findings of some studies and to draw a clear conclusion about the final conclusions because of the small sample size.

2.  Several biomarkers discussed in this study, such as the delta-beta correlation, FAA, midline theta, and brain connectivity, can be studied in combinations to validate the main findings and to devise effective diagnostic methods.

3.  Multimodal neuroimaging techniques are extensively applied in neuroscience to better capture and visualize neuronal network activation. For instance, a model that involves the simultaneous measurement of PET, CT, EEG, fMRI, and MEG, EEG-fNIR, or fMRI and MEG can be applied. EEG-fMRI integration will result in a greater level of temporal resolution and more accurate data on the dynamic processes of the brain.
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